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MXenes, with their good biocompatibility, excellent photovoltaic properties, excellent physicochemical
properties, and desirable bioactivity, have broad application prospects in the field of tissue regeneration.
MXenes have been used in a wide range of applications including biosensing, bioimaging, tumour/infec-
tion therapy, bone regeneration and wound repair. By applying bioactive materials to modify the surface
of MXenes, a series of multifunctional MXene-based nanomaterials can be designed for different bio-
medical applications to achieve better therapeutic effects or more desirable biological functions. This
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paper reviews the existing studies on MXene-based bioactivities, surface modification strategies and bio-
medical applications. Finally, the challenges, trends and prospects of MXene nanomaterials are discussed.
We expect that more and more well-designed MXene-based biomaterials will have a wider range of bio-
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1. Introduction

The rapid development of tissue engineering and regenerative
medicine has placed higher demands on nanomaterials,
requiring nanoparticles with excellent cytocompatibility,
mechanical, electrical, optical and magnetic properties.” Two-
dimensional (2D) nanomaterials are a new class of nano-
materials with sheet-like structures with lateral dimensions
greater than 100 nm and thicknesses typically less than 5 nm.>
With the vigorous development of nanoengineering materials
and nanofabrication technology, various 2D nanomaterials
such as graphene, graphene oxide, layered double hydroxide
(LDH), and ultrathin black phosphorus (BP) nanosheets have
emerged and have become a hot spot for research.>® 2D nano-
materials are of interest in biomedical fields such as drug
delivery, combination therapy, bioimaging, tissue engineering
and biosensing due to their ultrathin structure, high specific
surface area, unique optoelectronic properties and extraordi-
nary mechanical properties.®””®

MXene is a novel multifunctional 2D lamellar material
developed by Naguib et al® It contains transition metal car-
bides, nitrides and carbon-nitrides with metallic conductivity
and hydrophilicity, with the structural formula M,,,1 X, T, (M =
transition metal, X = carbons or nitrides, T = terminal group
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medical applications, thus providing favourable information for the clinical translation of nanomedicine.

(e.g. -0, -OH or -F))."® Compared with other 2D nano-
materials, MXenes’ rich functional groups and high reactivity,
excellent mechanical properties, electronic properties, electri-
cal conductivity and hydrophilicity, antioxidant properties,
and biological properties make them fascinatingly attractive in
biomedical fields; they have broadband absorption and light-
harvesting properties in the near-infrared (NIR) region, cover-
ing both the first and second NIR biological windows, as well
as strong photothermal conversion capabilities, with great
potential for photothermal therapy (PTT) and photoacoustic
imaging (PA)."™"? In addition, the high specific surface area of
MXenes and the abundant functional groups on the surface
can provide opportunities for surface modification of MXenes,
which is very conducive to expanding the biological functions
of MXenes.">'* So far, the cutting-edge research on MXene-
based biomaterials with various attractive physicochemical
properties and biological functions has attracted increasing
attention from the nanomedical science community.">*®

In this review, we will firstly introduce the properties pos-
sessed by MXene-based biomaterials in the field of regenera-
tive medicine, including biocompatibility, antioxidant, anti-
inflammatory, optical, and antimicrobial properties, and
tissue regeneration-promoting properties. Then, we will
discuss the existing studies on the bioactive surface-modifi-
cation strategies of MXenes, which are specifically classified
into small molecules, macromolecules, nanoparticles, and
surface polymerisation modification strategies. Afterwards, we
will present the latest research advances in MXene-based bio-
materials for applications in bioimaging, cancer therapy, infec-
tion treatment, wound repair, bone regeneration and other
biomedical fields. Finally, we will summarise the challenges
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and future prospects related to MXene-based biomaterials in
the biomedical field. Overall, by gaining a deeper understand-
ing of the bioactivities, surface modification strategies, appli-
cation potentials, and problematic challenges associated with
2D MXene nanosheets, we will be able to continue to facilitate
clinical translation for the benefit of human health.

2. Bioactive properties for
regenerative medicine

MXene-related biomaterials have the advantages of large
specific surface area and abundant surface functional groups,
as well as excellent electronic, optical, mechanical, and
physicochemical properties, which give them considerable
potential for a variety of biomedical applications. In this
section, the properties exhibited by MXenes, such as biocom-
patibility, antioxidant, anti-inflammatory, photothermal, anti-
microbial, and tissue regeneration-promoting properties,
which are mainly applied in the fields of tissue repair, tumor
therapy, bio-imaging, and drug delivery, will be described in
detail.

2.1 Biocompatibility

Good biocompatibility is essential to ensure that MXenes can
safely exert their therapeutic effects inside and on the surface
of living organisms long term, so the biocompatibility of the
designed MXene-based nanocomposites is crucial for their
application in biomedical fields. Most MXenes exhibit concen-
tration-dependent cytotoxicity, with good cytocompatibility at
low concentrations and excessive concentrations leading to
cytotoxic side effects. Our research team found that Ti;C,T,
MXene exhibited good cytocompatibility with normal cells
such as adipose stem cells (ADSC), mouse myoblasts (C2C12),
mouse macrophages (RAW264.7), mouse fibroblasts (L929),
and human umbilical venous endothelial cells (HUVECs), and
maintained 90% of the cellular activity at a concentration of
up to 200 pg mL~'.'7"'® Interestingly, in a comparative in vitro
cytotoxicity assay using MTT assay to investigate the in vitro
cytotoxicity of layered Ti;C,T, MXene on two cancer cells (A549
and A375) and two normal cells (MRC-5 and HaCaT), MXenes
were found to have a higher toxic effect on tumor cells than on
normal cells.’® This may be attributed to the fact that the pro-
duction of reactive oxygen species (ROS) exceeds the threshold
level of oxidative stress in cancer cells, leading to apoptosis.
The cytotoxicity of MXenes is mainly related to two mecha-
nisms: ROS generation and direct exposure.”® The entry of
MXenes into the cell results in the generation of ROS, which
cause protein and DNA damage leading to cell death. Another
mechanism of MXene toxicity is due to strong adhesion
between MXenes and cell membranes, where MXenes and cell
membranes interact directly through ionic interactions, hydro-
phobicity, van der Waals forces, and receptor-ligand binding,
which leads to membrane instability and loss of cellular integ-
rity. In addition, MXenes demonstrated superior blood com-
patibility of graphene oxide in whole-blood tests.”* Current
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research advances suggest that MXenes exhibit a relatively
favorable safety profile in vivo, with toxicity in vivo dependent
on dose, treatment duration, and mode of administration. For
example, in an in vivo study in which a mouse model was
injected with 2 mg kg™ of modified MXene (Ti;C,-DOX
nanosheets), no liver or kidney damage, inflammatory
response, or tissue necrosis was observed in experimental
animal sections.?” In a neurotoxicity and motility assay using a
zebrafish embryo model, Ti;C, was found to have almost negli-
gible toxicological effects on muscle and neuronal activity in
zebrafish embryos at a concentration of 50 pg mL™*.** To
further improve the biocompatibility and bioavailability of
MXenes, researchers have modified the surface properties by
coupling MXenes with biopolymers to reduce their toxicity.
Studies have reported that modification of some biocompati-
ble materials (e.g;, PEG, PLGA, PVP, chitosan, poly-L-lysine,
sericin protein, polydopamine, etc.) on the surface of MXenes
can effectively improve the biocompatibility of MXenes.>* For
example, after intravenous administration of 20 mg kg™ of
modified MXene (Nb,C-PVP nanosheets) to 4T1 ruffled tumor-
bearing mice, no significant weight loss or tissue damage was
detected in any of the major organs, demonstrating that the
Nb,C-PVP nanosheets were safe and biocompatible at the
doses tested in vivo.'* However, there are limited studies on
the toxicity of MXenes in vivo, very few of which involve animal
models, and to date, toxicity studies of MXenes in human
models and clinical trials remain unknown. MXene materials
exhibit good biocompatibility in biomedical applications but
need to be surface modified to reduce their toxicity to ensure
their safety and efficacy.

2.2 Antioxidant property and biocatalysis

There exists an oxidative and antioxidant balance in biological
organisms, but when subjected to adverse external stimuli this
balance is disrupted in favor of an oxidative state, where exces-
sive ROS are generated or accumulated within the organism,
thereby exceeding the antioxidant capacity of the cells or
tissues, resulting in a state of oxidative damage to bio-
molecules (e.g., proteins, lipids, DNA, etc.), which may lead to
a series of more serious diseases. Therefore, the antioxidant
properties of biomaterials can add another highlight to their
applications in biomedical fields. Currently, several studies
have reported the excellent antioxidant capacity of MXenes,
which exhibit superior antioxidant capacity than most artificial
materials and natural compounds. For example, Ti;C,T, effec-
tively scavenged O,”, °‘OH, 1,1-diphenyl-2-picrylhydrazyl
radical (DPPH’) and 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) radicals (ABTS").>® Another study showed that
Ti;C, T, effectively scavenged ROS in M1-type polarized macro-
phages.'” For the treatment of oxidative stress-related diseases,
researchers have proposed a therapeutic strategy of applying
nano-enzymes (a new generation of man-made enzymes),
which have the advantages of high catalytic activity, stability,
cost-effectiveness, and ease of synthesis, etc., and MXenes have
also demonstrated their potential as nano-enzymes in a
number of studies.>® Feng et al. reported a two-dimensional
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vanadium carbide (V,C) MXene nano-enzyme (MXenzyme)
that mimics up to six naturally occurring enzymes, including
superoxide dismutase (SOD), catalase (CAT), peroxidase (POD),
glutathione peroxidase (GPx), thiol peroxidase (TPx), and
halogen peroxidase (HPO).”” Based on these enzyme mimetic
properties, the constructed V,C MXenzyme was not only highly
biocompatible but also effective in alleviating ROS-mediated
inflammation and neurodegenerative diseases. In another
study, it was reported that two-dimensional V,C MXene could
be used as a multi-enzyme mimetic for the treatment of
ischemic stroke in vivo.”® The antioxidant properties of
MXenes are closely related to their unique structure, and the
process of their function in the organism actually utilizes
MXenes to catalyze the occurrence of redox reactions. The
abundance of functional groups on the surface of MXenes,
such as -F, -OH, -O, etc. not only increases their reactivity, but
also the presence of these functional groups provides MXenes
with an active site for interacting with biomolecules, which is
essential for the initiation and conduct of catalytic reactions.
During biocatalysis, these functional groups can be used as
intermediates of the reaction or be directly involved in the
reaction, thus accelerating or modulating the reaction rate.
The M,,+;1X,, layered structure in MXenes, which is formed by
alternating weak van der Waals forces, gives them a unique
advantage in biocatalysis.>® This layered structure easily reacts
with free radicals, similar to the interaction of the active center
of an enzyme with a substrate, and can facilitate specific bio-
chemical reactions. In biocatalysis, this structural property of
MXenes can mimic the active site of enzymes in nature, thus
effectively catalyzing specific biochemical reactions. In
addition, MXene, as an electron-rich nanomaterial, can easily
form pairs with electron-deficient free radicals, a property that
is particularly important in biocatalysis. MXenes can react
with free radicals through electron transfer, thus neutralizing
the activity of free radicals and reducing the damage of bio-
molecules by oxidative stress. In summary, the biocatalytic
mechanism of MXenes are closely related to their structural
properties, which show great potential for mimicking enzyme
activity, neutralizing free radicals and protecting biomolecules
from oxidative damage in biocatalytic processes.

MXenes exhibit excellent antioxidant capacity and biocataly-
tic potential due to their unique structure and abundant func-
tional groups, which can effectively neutralize free radicals
and protect biomolecules from oxidative damage, providing a
new strategy for the treatment of oxidative stress-related
diseases.

2.3 Anti-inflammatory property

The excellent antioxidant properties of MXenes lays the foun-
dation for their anti-inflammatory properties. Fewer studies
have been reported on the performance of MXenes, mainly
focusing on the Ti;C,T, type of MXene. Li et al. found that
Ti;C,T, could down-regulate the expression of M1i-type
markers such as IL-1§ and TNF-a, and further quantitative flow
cytometry analysis showed that the MXene could effectively
reduce the expression of CD86 protein, an M1-type macro-
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phage marker.'”” Another study reported that MXene/HAP-
coated surfaces with micro-fold morphology significantly
affected macrophage polarization and promoted a shift in the
macrophage to an anti-inflammatory, pro-healing M2 pheno-
type.>® To further improve the anti-inflammatory properties of
MXenes, researchers managed to improve the anti-inflamma-
tory properties of MXenes by modifying a number of mole-
cules with anti-inflammatory activity on MXene nanosheets.
For example, researchers coated epigallocatechin gallate
(EGCG)/Fe metal polyphenol nanodots on small-sized Ti;C,T,
MXene nanosheets (MXene@EGCG); this is a naturally occur-
ring polyphenol with anti-inflammatory properties, and the
nanosheets showed good anti-inflammatory ability to reduce
inflammation triggered by photothermal therapy (PTT).*
Another work reported a method of loading rhizopodophyllin
(Phl) onto MXene nanosheets, and the anti-inflammatory
effects of Phl and MXene were able to eliminate inflammation
induced by PTT scavenging of ROS.*! In addition, a
MXene@polydopamine-cryptotanshinone (MXene@PDA-CPT)
nanosystem was developed.?* After incubation of macrophages
with MXene@PDA-CPT nanosheets, it was able to significantly
increase the expression level of IL-10 and down-regulate the
cellular level of TNF-a, and the loadability of cryptotanshinone
further extended the mitigating inflammation effect of this
system. However, the current research on the anti-inflamma-
tory properties of MXenes is still mainly focused on Ti;C,T,,
with less research on the anti-inflammatory properties of other
classes of MXene, and the research on the related anti-inflam-
matory mechanism needs to be further deepened. MXenes,
especially Ti;C,T,, exhibited significant anti-inflammatory
effects due to their excellent antioxidant properties, which
were further enhanced by binding anti-inflammatory mole-
cules, but the anti-inflammatory potential and mechanisms of
other types of MXenes still need to be explored in depth.

2.4 Optical property

As an emerging 2D material, MXenes have excellent optical
properties (including light absorption, emission, and scatter-
ing) which play a critical role in their biomedical applications.
MXenes exhibit strong absorption properties over a broad spec-
tral range from UV-visible to near-infrared, allowing them to
exhibit high absorption in the first (650-1000 nm) and second
(1000-1350 nm) biological windows, which distinguishes them
from conventional photothermal materials, and which is why
they have unlimited potential for deep tissue photoacoustic
imaging (PAI) and PTT.>® MXenes’ strong light absorption and
localized surface plasmon resonance (LSPR) effect are the
driving forces behind their photothermal conversion.’*??
MXenes exhibit better photothermal performance than most
materials, e.g., gold nanorods have a photothermal efficiency
of 21%,%® graphene oxide has a photothermal efficiency of
24.6%,”” and MXenes’ superior photothermal conversion
efficiency can reach about 50% under certain conditions.** As
the first reported MXene-based photothermal agent, Tiz;C,
nanosheets have shown considerable PTT efficacy in vivo. A
study reported that the solution temperature of Tiz;C, can
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reach 57 °C after irradiation for 6 min at a relatively low con-
centration (72 ppm) with a photothermal conversion efficiency
of 30.6%, which suggests that Ti;C, nanosheets can efficiently
and rapidly convert near-infrared light into thermal energy,
and could be used as a durable photothermal agent for cancer
PTT.*>® The extinction coefficient of Ti;C, nanosheets
measured at 808 nm was 25.2 L g”' ecm™", which was higher
than that of GO nanosheets (3.6 L g~' cm™). Tantalum
carbide (Ta,C;) is another MXene material with high photo-
thermal conversion efficiency, which could also be used for
PTT treatment of bacterial infected wounds. Ta,C; nanosheets
could be used for the treatment of diabetic wounds infected
with drug-resistant bacteria as the temperature could be
rapidly increased to 60-70 °C by irradiation at a concentration
of 400 pg mL™" for 10 min.** In addition, niobium carbide
(Nb,C), the latest MXene material, also has a very high photo-
thermal conversion efficiency of 36.4% and 45.65% at 808 nm
and 1064 nm, respectively, under near-infrared light.*’
Attractively, MXene-based quantum dots (QDs) can achieve a
certain amount of luminescence under specific wavelengths of
excitation (currently mainly UV-blue excitation), which is
achieved by MXene QDs utilizing surface defects and size
effects to induce quantum confinement.*' Xue et al. prepared
photoluminescent Ti;C, MXene quantum dots (MQDs) by a
simple hydrothermal method.** The photoluminescence exci-
tation (PLE) spectra of MQDs showed two sharp peaks at
250 nm and 320 nm, and the MQDs were found to be readily
taken up by the cells through the process of endocytosis after
co-incubation with macrophage cells for 4 h, and their cell
confocal images showed bright blue and green and red colors
at 405, 488 and 543 nm excitation, respectively, demonstrating
that MQDs have great potential as polychromatic cell imaging
reagents. More and more researchers have found that MXene
QDs have luminescence properties, such as Ti,N, V,N, Nb,C,
Ta,C; and so on.**** However, further studies on the emission
color, luminescence efficiency and mechanism of MXenes are
still needed. In general, the optical properties of MXenes
mainly depend on the structure and type of M and X sites as
well as the stoichiometry of the surface termination groups.*®
Therefore, we can prepare MXenes with different compo-
sitions, structures, and surface terminations as a means of
modulating the optical properties, such as light absorption,
emission, and scattering, and thus promote their diverse appli-
cations in biomedical fields.

MXenes show great potential in the fields of photothermal
therapy, photoacoustic imaging, and polychromatic cellular
imaging due to their excellent optical properties, but their
luminescence mechanism and performance optimization still
need to be further investigated.

2.5 Antibacterial activity

Bacterial infections are a major cause of global health issues
and are becoming the second leading cause of death world-
wide (after ischemic heart disease). Bacterial infections can be
caused by the release of harmful substances (toxins), direct
invasion of tissues, or a combination of both, which can
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further impede wound healing and cause great suffering to the
patient, and the global misuse of antibiotics has led to severe
bacterial resistance. Therefore, effective antimicrobial activity
without bacterial resistance is the ideal target for the appli-
cation of bioactive materials in the antimicrobial direction.
Due to their structural characteristics and excellent photother-
mal properties, MXenes have become a hot research topic in
the antibacterial field. Currently, researchers have summarized
the antibacterial mechanism of MXenes as physical damage,
induced oxidative stress, as well as photothermal and photo-
dynamic therapy.”” On the one hand, the hydrophilic and
anionic nature of the MXene’s surface enhances the inter-
action with the bacterial cell membrane, and the rough
surface or sharp edges of MXenes cause physical damage to
the bacterial membrane. In the study of Rasool et al. it was
found that when E. coli and B. subtilis were treated with 100 pg
mL™" of Ti;C,T, for 4 h, SEM observed severe membrane
rupture and cytoplasmic leakage in both bacteria, and the anti-
bacterial rate was 97.70 + 2.87% and 97.04 + 2.91%, respect-
ively.* Pandey et al found that Nb,C,T, and Nb,C;T,
nanosheets could kill more than 90% of E. coli and S. aureus at
120 pg mL~".*° SEM and TEM images clearly showed that the
nanosheets caused pore formation and partial disruption of
the cell wall/cytoplasmic membrane upon entering the cells,
which led to the efflux of the contents of the cells, resulting in
the death of the bacteria. Interestingly, this antimicrobial
capacity of MXenes shows a dependence on nanosheet size
and treatment time, with smaller sized nanosheets tending to
enter the bacteria more readily and disrupt cytoplasmic com-
ponents by physical penetration or endocytosis.>® On the other
hand, MXenes induce oxidative stress by inducing the pro-
duction of ROS, which can cause damage to bacterial proteins,
lipids, DNA and RNA. MXenes typically have a negative zeta
potential, excellent electrical conductivity, and an abundance
of electronic properties, which contributes to their affinity for
cell surfaces and ease of formation of chemical reactions, and
MXenes can form conductive bridges with lipid bilayers to
cause ROS production, leading to bacterial death.*® Zheng
et al. found that the MXene group produced 1.8-fold higher
ROS than the control group, and further performed a lipid per-
oxidation assay and found that the MXene group was able to
oxidize the bacterial membranes at a rate 1.3-fold higher than
the control group.”® The results of this study suggested that
MXene could induce oxidative stress through the production
of ROS, which could cause damage to bacterial membranes. In
most studies, MXenes tended to enhance their photocatalytic
activity by preventing electron/hole recombination through the
available surface-terminal groups and excellent electrical con-
ductivity. For example, few-layer Tiz;C,T, generated much
higher ROS compared with multi-layer Ti;C,T, nanosheets.>?
However, the most attractive strategies for MXene antimicro-
bials are PTT and photodynamic therapy (PDT), which are
innovative approaches against drug-resistant bacteria and are
highly dependent on the excellent photoactivation properties
of MXenes. MXenes have excellent photothermal properties,
converting light energy into heat and causing membrane
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rupture, protein denaturation and irreversible damage in bac-
teria. Qu et al. found that 50 pg mL™" of MXene irradiated with
808 nm laser for 10 min (0.75 W cm™2) showed strong antibac-
terial activity against E. coli, S. aureus, and MRSA, with an anti-
bacterial rate of more than 99%.'® On the other hand, MXenes
also possess photodynamic antibacterial properties, which can
transfer energy to the surrounding oxygen molecules after
receiving light, generating ROS and thus destroying the
internal structure of bacteria. In a study using 1,3-diphenyliso-
benzofuran (DPBF) as a ROS-trapping agent, after irradiation
with a 532 nm laser (20 mW) for 30 min, a decrease in absor-
bance at 417 nm was found in the MXene group, demonstrat-
ing that it produced singlet oxygen ('0,).>* After irradiation
with a xenon lamp (150 mW cm™?), it showed good antibacter-
ial activity against E. coli and S. aureus. This good antibacterial
activity was attributed to the synergistic effect of the MXene’s
photothermal and photodynamic forces.

MXenes have shown strong potential in the antibacterial
field due to their unique physical and chemical properties,
providing a new strategy for antibacterial therapy by effectively
combating bacteria, especially drug-resistant bacteria, through
a variety of mechanisms such as physical damage, induced oxi-
dative stress, as well as photothermal and photodynamic
therapy.

2.6 Surface structure and promotion of tissue regeneration

MXenes have a large surface area and porosity, which can
promote cell adhesion, proliferation and infiltration, which
makes them also show infinite potential in promoting tissue
regeneration, and more and more studies have reported that
MXenes can promote the regeneration of tissues such as blood
vessels, muscles, bones, skin and nerves.'>* Compared with
other 2D nanomaterials, the unique surface chemical groups
-OH and -O of the MXene family endow them with high
hydrophilicity as well as reactivity, providing more potential
for surface functionalization. Compared with graphene’s
smoother surface, their rough surface microstructure and
interlayer spacing promote adhesion and delivery of proteins
and nutrients, properties that greatly increase the chances of
cell adhesion and ultimately affect tissue repair and regener-
ation.>® In addition, the conductive properties of MXenes
enable electrical stimulation, which shows promise in enhan-
cing the soft tissue healing process.’® For example, Li et al.
reported that MXene, which has electrical conductivity pro-
perties, promotes vascular and skeletal muscle regeneration
through the upregulation of myosin heavy chain (MHC) and
vascular endothelial growth factor (VEGF) expression.'” In
another study, it was reported that the conductive MXene-PCL
nerve-guiding catheter delivered physiological neuroelectric
signals, induced angiogenesis, and stimulated nerve regener-
ation.”” MXene-based scaffold materials can provide a favor-
able microenvironment for osteoblast attachment, prolifer-
ation and differentiation. For example, it has been reported
that photoactivation of MXene can also regulate the osteogenic
differentiation of adipose-derived stem cells (ADSC) through
the ERK signaling pathway by activating heat shock protein 70
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(HSP70) and enhancing bone tissue repair.'® However, the
current research on MXenes promoting tissue regeneration
remains at a superficial level, and future work is expected to
explore the mechanism of action of MXenes promoting tissue
regeneration in depth.

Due to their unique surface structure and physicochemical
properties, MXenes have shown great potential in promoting
the regeneration of various tissues such as blood vessels,
muscles, bones, skin and nerves, but further in-depth studies
are needed to reveal their specific mechanism of action in pro-
moting tissue regeneration.

3. Bioactive surface strategies

As a new type of 2D nanomaterial, MXenes have many advan-
tages over ordinary 2D nanomaterials, such as large specific
surface area, extreme thinness, good biocompatibility, rich
surface functional groups, and excellent electronic, mechani-
cal, and physicochemical properties, etc. Numerous scientific
researchers have carried out in-depth investigations on
MXenes and realized the corresponding applications.
However, MXenes still have some drawbacks in vivo, such as
their slow degradation, poor dispersibility in water and the
presence of some toxicity, and there are limitations to their
excellent performance while meeting the requirements of
various applications. Therefore, surface modification and
functionalization of MXene-based materials are necessary to
improve their performance and give them new functions.®
Fortunately, MXene-based materials are rich in surface end-
group functionalities that impart hydrophilicity to MXenes. By
controlling the surface end groups, surface active initiators,
small molecules, and polymers as active sites for covalent
binding, we can achieve flexible surface modification,
functionalization, and scalable processing of MXenes to
enable new functionalities such as drug loading.”® Regarding
the chemical surface functionalization of MXenes, we next
present aspects of bioactive small molecules, bioactive macro-
molecules, bioactive nanoparticles, and surface polymeriz-
ation-induced bioactivity of modified MXenes and surface
functionalization methods used to prepare them (Table 1).

3.1 Bioactive small molecules

By modifying the surface of MXenes with various small mole-
cules, this method can effectively enhance their performance
characteristics such as mechanical stability, electrical properties
and solution stability, which are easy to manipulate and in-
expensive. Among them, the coupling agent is an important
choice to prevent the structural degradation caused by spon-
taneous oxidation of MXenes on one hand, and improve their
dispersion and interfacial bonding with polymer matrix on the
other.®® Riazi et al. reported amine functionalization of the
Ti;C,T, MXene surface with [3-(2-aminoethylamino)-propyl]tri-
methoxysilane (AEAPTMS), and the functionalization changed
the MXene surface charge from —35 mV to +25 mV at neutral
pH, which made it possible to prepare self-assembled mem-
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Table 1 Summary of recent research on MXenes surface modification strategies for biomedical applications
Bioactive surface MXene
strategies composition Functionalized components Bioactive property Applications Ref.
Bioactive small TizC,Ty [3-(2-Aminoethylamino)-propyl] Adsorbing or desorbing protons, Cross-linked conductive 61
molecules trimethoxysilane (AEAPTMS) PH responsive composites, dye adsorbents,
membranes and drug carriers
TizC,Ty C11E¢ Ion transport, thickness- Biosensing, catalysis, filtration 62
independent electrochemical
performances
Nb,CT, Deionized water/ethanol-based Electromagnetic wave (EMW) EMW-absorbing material 64
solvothermal treatment absorbing
TizC, 3-Aminopropyltriethoxysilane Immobilized bio-receptor Cancer biomarker, biosensor 65
(APTES)
TizC,oTy APTES PH stability, thermal stability and Enzymes 94
reusability
TizAlC, Ethylenediamine Detecting and showing for cellular Biocompatibility nanoprobe 66
imaging
TizC,Ty APTES, thioketal, DOX, and Antibacterial activity, photothermal  Drug delivery, antibacterial 67
polydopamine (PDA) properties, sensitive ROS/pH materials
response
TizC,Ty Au, polyethylene glycol (PEG) and pH-Responsive drug release, Drug delivery platform and 14
DOX photothermal stability, biosafety cancer treatment
TizC, Ty GOX, DOX and PEG Photothermal capability, CAT-like Anti-cancer system 95
activity
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branes in situ, and also confirmed the presence of mixtures of
differently oriented AEAPTMS and the presence of both proto-
nated and free amine groups on the Ti;C,T, surface.®" The avail-
ability of free amine groups on the surface enables the fabrica-
tion of cross-linked conductive MXene/epoxy composites, dye
adsorbents, high-performance membranes and drug carriers. In
order to improve molecular interactions and thus enhance the
filling symmetry, Xia et al. introduced nonionic surfactant hexa-
ethylene glycol monododecyl ether (Cy,E¢) on the surface of
TizC, MXenes (CyEs@Ti;C,). In the Ci,Es@TizC, composite,
strong hydrogen bonds were formed between the -O or -F
groups on the surface of MXene and the ~-OH groups of C;,Eq.*
In addition, Lei et al. reported the one-step preparation of sulfo-
nic acid-based functionalized MXene (named Ti;C,-SOsH) by

NaF 5% NaOH
HCl

TiC,Tx MXene TiyC, solution of
base intercalation

w\x/()::O\v“"
o bo

Methylene blue
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the direct reaction of diazonium salts with TizC, flakes
(Fig. 1A).** Due to the introduction of the anionic sulfonic acid
group, this provides a new method for the preparation of func-
tionalized MXenes and can be extended to the preparation of
other functionalized MXenes with good design properties and
performance. Nb,CT,, MXene was further processed by a simple
one-step solvothermal/hydrothermal method by Jin et al
Accordingly, the interlayer space and surface functional groups
of Nb,CT, MXene were enhanced, which significantly improved
the EM wave absorption performance.®® The solvothermal/hydro-
thermal treatment of Nb,CT, MXene was carried out using the
low-toxicity solvents ethanol (Et) or deionized water (DI) instead
of N,N-dimethylformamide (DMF). The results showed that
Nb,CT, treated with Et as solvent absorbed EMW better.

Fig. 1 Strategies for functionalizing MXenes with bioactive small molecules. (A) The scheme for the preparation of pristine TisC, and TizC,-SO3H.%®
Reproduced from ref. 63 with permission from Elsevier, copyright 2019. (B) Schematic representation of the functionalization of the TizC,-MXene
surface using APTES.® Reproduced from ref. 65 with permission from Elsevier, copyright 2018. (C) Synthesis process for MXene and MXene@Au
nanosheets and surface modification of MXene@Au using thiol polyethylene glycol aldehyde chains (SH-PEG-CHO), and the subsequent surface
doxorubicin (DOX) loading.** Reproduced from ref. 14 with permission from Elsevier, copyright 2022.
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Small molecules were chemically introduced on the
surface of monolayer/multilayer MXene (Ti;C,) nanosheets
with amino groups, and the resulting functionalized MXene
nanosheets could be used as platforms for immobilization of
different biomolecules. Kumar et al. synthesized ultrathin
TizC,-MXene nanosheets by a minimally enhanced layer dela-
mination method and homogeneously functionalized with
aminosilane (F-Ti;C,-MXene) to provide covalent binding to
immobilized bioreceptors (anti-CEA) for label-free, ultra-
sensitive cancer biomarker (carcinoembryonic antigen, CEA)
detection (Fig. 1B).°® They investigated the effects of different
redox probes on the electrochemical behavior of F-Ti;C,-
MXene and found that ammonium hexamine-mineral
([Ru(NH3)e]**) was a more ideal redox probe for biosensing.
The prepared biofunctionalized Ti;C,-MXene opens a new
window for the development of highly sensitive DNA,
aptamer, enzyme, antibody, and cellular biosensors based on
MXene, and can be further used for drug delivery appli-
cations. Meanwhile, MXenes have strong absorption of light
in the wavelength range of 300-900 nm, which can burst the
fluorescence of fluorescent groups by fluorescence resonance
energy transfer (FRET) and can be used as highly efficient
and broad-spectrum fluorescence bursting agents by combin-
ing with specific small molecules. Luo et al. investigated and
prepared a biocompatible nanoprobe of N-Ti;C, quantum
dots (N-Ti;C, QDs) based on MXene for the detection of intra-
cellular glutathione.®® Based on non-radiative electron-hole
annihilation, N-Ti;C, quantum dots acted as fluorescence
reporters and iron (Fe®*) acted as bursters. When N-Ti;C,
QDs/Fe’* nanoprobes acted on cancer cells MCF-7, abundant
GSH in the cancer cells could reduce Fe** to Fe?", thus restor-
ing the fluorescence of N-Ti;C, QDs, and the N-Ti;C,
quantum dots/Fe** nanoprobes might provide a new pathway
for imaging-guided accurate cancer diagnosis.

There have also been numerous studies on DOX-functiona-
lized MXenes for tumor therapy. Zhang et al. used hydrofluoric
acid etching and TBAOH intercalation to obtain well-dispersed
MXene with small lateral dimensions.®” Functionalized
MXene-TK-DOX@PDA nanoparticles have remarkable photo-
thermal conversion properties and high photothermal stabi-
lity, and exhibit sensitive ROS- and pH-responsive behaviors
in the presence of H,0, at pH = 5.5, which controls the local
release of DOX and effectively reduces the premature release
of the drug. The new MXene nanoparticles were designed for
chemotherapeutic drug-targeted delivery with good anti-
microbial activity, which provided a promising drug delivery
strategy in the biomedical field and enriched the family of
antimicrobial materials. In another study, Liu et al. reported
the synthesis of an MXene@Au-PEG drug delivery platform
for the highly loaded chemotherapeutic drug Adriamycin
(DOX) with near-infrared (NIR) laser-triggered and pH-
responsive drug release modes (Fig. 1C)."* In in vivo and
in vitro experiments, the MXene@Au-PEG-DOX system exhibi-
ted good photostability, thermal stability and histocompat-
ibility. In addition, based on the good photothermal conver-
sion ability of Au particles and MXene, this system had a

This journal is © The Royal Society of Chemistry 2025
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synergistic effect of photothermal ablation and chemotherapy
in tumor treatment. The passive targeted release property of
MXene@Au-PEG delivery platform also enhanced the cellular
uptake of DOX at the tumor site, thus improving the
efficiency of the drug.

By modifying the surface of MXenes with small molecules,
it is possible to significantly enhance their performance in
terms of mechanical, electrical, and solution stability, and to
expand their applications in biomedical fields such as drug
delivery, biosensing, and tumor therapy.

3.2 Bioactive macromolecules

In the past decades, macromolecular surface modification
technology has rapidly developed into a key driver of bioma-
terials innovation, and polyphenolic components, vitamins,
alkaloids, proteins, peptides, and so on, have attracted much
attention as material surface modification components due
to their excellent bioactivities. Therefore, many studies have
also been conducted to modify the surface of MXenes with
bioactive macromolecules to further enhance their biological
properties.

Some synthetic polymers, such as polyethylene glycol (PEG)
and polyvinylpyrrolidone (PVP), are suitable for surface modifi-
cation of MXenes.®® PVP is often used for surface modification
of MXene materials to improve their stability. Lin et al
explored a new ultrathin 2D niobium carbide (Nb,C) MXene as
a new type of phototherapeutic agent, and ultrathin transverse
nano-Nb,C nanosheets had excellent near-infrared photother-
mal properties with very high photothermal conversion
efficiency and ideal photothermal stability. The Nb,C
nanosheets were further surface modified to prepare
Nb,C-PVP colloidal solutions, which greatly improved the bio-
compatibility and physiological stability of the nanosheets,
with no significant toxicity in vitro and in vivo.** Liu et al.
developed an interfacial enhancement strategy to construct
versatile, superelastic and lightweight 3D MXene structures by
bridging individual MXene sheets with polyimide macro-
molecules.®® The resulting lightweight aerogels were superelas-
tic with large reversible compressibility, excellent fatigue resis-
tance (1000 cycles at 50% strain), 20% reversible stretchability
and high electrical conductivity of ~4.0 S m™'. The excellent
mechanical flexibility and electrical conductivity make the
aerogel promising for applications in damping, microwave-
absorbing coatings and flexible strain sensors. More interest-
ingly, the material exhibited excellent microwave absorption
properties at 9.59 GHz. Ling et al. prepared Ti;C,T,/polymer
composites by blending Ti;C,T, MXene with charged poly
(dienyldimethylammonium chloride) (PDDA) or electrically
neutral PVA. The prepared composites were flexible with high
electrical conductivity.”® The tensile strength of TizC,T,/PVA
composites was significantly improved compared with pure
Ti;C, Ty or PVA films. This study is the first step in exploring
the potential of MXene in polymer-based multifunctional
nanobiocomposites for applications such as wearable elec-
tronics, electrochemical actuators, and radio frequency
shielding.
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In addition, many natural macromolecules can also be used
for MXene surface modification. Sodium alginate (SA) is a
linear polysaccharide copolymer derived from seaweed. As a
natural biomaterial, SA is potentially an ideal candidate for
polymer matrices, being abundant, environmentally friendly
and having excellent mechanical properties, while SA pos-
sesses oxygen-containing functional groups (-OH, -COO, and
=0), which can potentially facilitate the formation and ter-
mination of hydrogen bonding with MXenes. Shahzad et al.
employed SA to perform a 45 pm-thick Ti;C,T, thin film
surface modification to show 92 dB EM shielding efficiency
(>50 dB for 2.5 pm film), which is the highest EM shielding
efficiency of any synthetic material of equivalent thickness pro-
duced to date.”’ In addition, the natural polymer soybean
phospholipid (SP) has also been widely used for surface modi-
fication of MXenes as an economical modifier to improve the
cycling stability of MXenes and enhance the material pene-
tration. Lin et al reported that MAX-ceramic biomaterials
exhibited unique functionalities for cancer photothermal abla-
tion after being stripped into atom-thick (MXene) ultrathin
nanosheets (Fig. 2A).*®* The SP-modified Ti;C, nanosheets
showed good biocompatibility and may be of interest in explor-
ing MXene-based ceramic biomaterials for biomedical appli-
cations. Silk fibroin (SF) is a natural fibrous protein composed
of various amino acids such as tyrosine, glycine and alanine. It
has both hydrophilic and hydrophobic blocks with abundant
reactive groups and can form different secondary structures
such as p-sheet and random curls through hydrogen bonding.
Therefore, SF can form attractive interactions with MXenes
through electrostatic interactions, hydrophobic interactions
and hydrogen bonding. Li et al. prepared a novel electrically
conductive MXene-based hydrogel by introducing SF-modified
MXene (MXene-SF) into a polyacrylamide (PAM) network.”” It
was shown that the SF coating on the surface of MXene could
greatly improve its stability, and also induce the formation of
various noncovalent interactions between MXene-SF and PAM
chains to enhance its adhesion properties. The high conformal
adhesion and low interfacial impedance enabled the hydrogel
bioelectrode to precisely monitor weak electrophysiological
signals. Hyaluronic acid (HA) is a linear polysaccharide chain
containing N-acetylglucosamine and glucuronic acid that is
sensitive to ROS such as hydrogen peroxide, superoxide rad-
icals and hydroxyl radicals. Its oxidative instability can be
solved by using HA-modified MXene. Guo et al. designed and
fabricated an MXene-based hybrid network containing hya-
luronic acid (HA) and hyperbranched polysiloxane (HSi) mole-
cules (Fig. 2B).”*> Notably, the presence of hyaluronic acid
molecules limited the oxidation of MXene sheets without alter-
ing their infrared invisibility properties, which is superior to
that of other water-soluble polymers, while HSi molecules
could act as highly efficient cross-linking agents to produce
strong interactions between MXene sheets and hyaluronic acid
molecules. The optimized MXene/HA/HSi composites provided
excellent mechanical flexibility, good water/solvent resistance
and long-term stable thermal camouflage for reliable long-
term infrared stealth. Another biocompatible natural macro-
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molecule, bovine serum albumin (BSA), was attached to
W, 33C-MXenes through van der Waals forces and hydrogen
bonding interactions to improve the colloidal stability of the
nanosheets, and this work provides an example of i-MXenes
being tailored for biomedical applications through combina-
torial and structural design on atoms (Fig. 2C).”*

Modification of the MXene surface by bioactive macro-
molecules not only enhances its biocompatibility and stability,
but also expands the applications of MXenes in biomedical
fields, such as drug delivery, tissue engineering, antimicrobial
activity and biosensors.

3.3 Bioactive nanoparticles

MXenes have a unique two-dimensional planar structure that
provides a suitable substrate for simple decoration of various
0D functional nanoparticles, resulting in versatile 0D/2D com-
posites. To extend the versatility of MXenes, anchoring mag-
netic nanoparticles (e.g., Fe;0;, MnO,) on the surface of
MXenes enables the integration of diagnostics and combi-
nation therapy. Liang et al. reported the triggering of Fenton-
based nanocatalytic reactions on 2D titanium carbide (Ti5C,)
MXenes nanosheets and as a photothermal conversion nano-
agent to further synergistically improve the efficiency of nano-
catalytic cancer cell killing.”” The nano-enzymes Fe;O4 nano-
particles and natural glucose oxidase (GOD) were encapsulated
on Tiz;C, MXenes as nanocarriers for composite nano-systems
and as photothermal conversion nano-agents (Fig. 3A). The
loaded GOD catalyzes the generation of a large number of
hydrogen peroxide molecules from glucose phagocytosed by
tumors, Fe;0, nanoparticles further catalyze the generation of
sufficient hydroxyl radicals to kill the cancer cells, and the
TizC, MXene substrate further enhances and accelerates this
catalytic reaction under NIR-triggered photothermal conver-
sion. Liu et al. reported the in situ growth of iron oxide nano-
particles (IONPs) on Ta,C; MXenes by co-precipitation.”® The
obtained composite Ta,C3;-IONPs combines the enhanced MR
imaging capability of IONPs and the photothermal effect of
Ta,C; MXenes for efficient cancer therapy. Although MXenes
have excellent hydrophilicity, they have insufficient colloidal
stability due to severe aggregation and precipitation in
complex physiological media. Dai et al. developed for the first
time a versatile but highly efficient “redox-induced growth”
(RH-IG) method for in situ growth of MnOx nanosheets (MnO,/
TizC,) on the two-dimensional Tiz;C, MXene surface, which
can be used for effective tumor diagnosis and treatment.””
They also proposed a surface engineering strategy based on
using a two-dimensional tantalum carbide (Ta,C;) MXene for
in situ growth of manganese oxide nanoparticles on the Ta,Cj
MXene surface by triggering a redox reaction between the redu-
cing MXene surface and the strongly oxidizing MnO,-(MnO,/
Ta,C3) (Fig. 3B).”® The integrated MnO, component endows
the composite MXenes nanosheets with tumor microenvi-
ronment (TME)-responsive  T1-weighted MR imaging
capability.

Various metal nanoparticle/MXene hybridizations have
been reported many times, especially Au nanoparticles. Wen
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et al. reported a simple strategy to construct Au@TizC,T, and the in situ reduction of Au precursors on Tiz;C,T, sub-
heterostructures with enhanced photothermal antimicrobial strates.”” A series of Au@TizC,T, nanocomposites was
effect by utilizing the reducing activity of Ti;C,T, NSs itself, obtained by adjusting the Au/Ti feed ratio without adding any
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surfactant. The photothermal conversion efficiency and stabi-
lity of the composite were improved due to the LSPR effect of
Au NPs’ interaction. Under 660 nm laser irradiation, more
than 99% of Gram-positive S. aureus and Gram-negative E. coli
were efficiently killed due to the synergistic effect of intrinsic
physical damage and photothermal ablation. This work pre-
sents the potential of multifunctional Au@Ti;C,T, hetero-
structures for fighting drug-resistant bacteria by pho